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Introduction
A considerable effort in hydrogen safety R&D has occurred since the Three Mile Island nuclear accident in 1979 through experimental programs and computational tools development for a better understanding of hydrogen release, distribution and possible combustion regimes. As a result of this work, different types of mitigation systems such as recombiners, igniters and spray systems have been designed and installed in modern nuclear power plants. Mitigation systems related to hydrogen safety in nuclear power plants have been the subject of several experimental and theoretical/computational studies in the past. In French Pressurized Water Reactors, water spray systems have been designed in order to reduce overpressures in the containment and to remove from the atmosphere of this containment any scattered radioactive aerosols in the case of loss of coolant accident (LOCA).
Although the presence of a cloud of water droplets can generate flammable mixtures or would enhance flame propagation through turbulence in the case of steam inerted air-hydrogen mixtures, beneficial effects would be heat sinks and mixtures homogenization. The combustion of gaseous mixtures of hydrogen-air (diluted or not) has been the subject of many studies both in the case of laminar and turbulent regimes (see [1, 2] and references therein). However, in case where droplets of water are present no experimental data were found in the literature and the different mechanisms involved are not well described there. In this work, two objectives are defined, the first one is to study the thermodynamics aspects via a Lumped Parameter analysis and the interaction of a laminar premixed air-hydrogen-steam flame with a water mist via a CFD analysis. Only the Lumped Parameter analysis is described in this paper. The numerical results are obtained with Cast3M/TONUS [3] , a freely available code developed at the French Atomic Energy Commission (CEA). This code solves the differential partial equations of fluid and solid mechanics using finite element and finite volume methods. The second one is to investigate experimentally the interaction of the flame with water droplets in the case where the flame is initially laminar.
Lumped Parameter analysis: hydrogen combustion under liquid water conditions
The main mechanisms involved in a flame and a water spray interaction are identified: heat transfer between the flame front and the spray, momentum transfer (drag force, transport of droplets) and mass transfer (vaporization). The heat transfer mechanisms between a methane-air flame front and a water spray or mist have been fully described by Parra et al [4] . Besides the flame extinction mechanisms [5, 2, 6] and the mitigation effects of the spray [7] [8] [9] [10] [11] [12] [13] are characterized for methane-or propane-air flame. The fine analysis of the above topics is very limited in the literature and some discrepancies are observed between the experimental data and numerical results. The results of Proust [14] showed that the theories of Mitani [15] for a methane-air flame might be improved by integrating the following phenomena: the variation of the "thermal" parameters with the temperature, a more detailed chemical reaction mechanism, the incidence of the radiation by the burnt products and the influence of the water droplets size distribution. However the interaction between water droplets and a hydrogen-air flame inerted by steam is not well described. In the case of steam inerted air-hydrogen mixture, the presence of water droplets can generate flammable mixtures or enhance flame propagation through turbulence [11, 16] . Yet beneficial effects would be heat sinks and homogenization of mixtures.
Lumped Parameter model
A Lumped Parameter model has been developed in the Cast3M/TONUS code in order to study the thermodynamic aspects involved in the interaction between water droplets and a hydrogen-air flame. This asymptotic analysis simply allows us to find the final state of the system. That is why the chemical kinetics are not accounted for and the code does not calculate any reaction rates. The results will be used to validate the equilibrium states of a CFD analysis currently in progress. We consider an air-hydrogen-steam mixture and an amount of liquid water in a confined space. At this stage, the gases and droplets speeds and the size of droplets are not taken into account. The energy released by the reaction air-hydrogen vaporizes the liquid water.
Although the Lumped Parameter analysis is based on the hydrogen progress variable, i.e. it takes into account an incomplete combustion by considering the ratio between the burnt hydrogen number of moles over the initial ones, this study will focus on complete combustion.
The hypotheses we take into account in this work are summarized in figure 1: We compute the final species number of moles using the initial data and the above mentioned hypotheses. Besides, the whole liquid water is supposed to evaporate so that ∆ the formation enthalpy. The system is closed because it does not exchange any matter with its surroundings: the hydrogen and oxygen masses decrease while the water vapor mass increases during the combustion reaction; calculation of amount of energy necessary to heat and evaporate liquid water and to heat the resulting steam 
It should be recalled that the gases are supposed ideal (see hypothesis number 2 before figure 1); under the hypothesis of final thermal equilibrium, we solve the following equation 
Results of the Lumped Parameter model
First of all, we shall limit the range of some of our parameters in order to achieve a physically meaningful result i.e. we take a value for the initial hydrogen mole fraction init H x 2 inside the flammability limits and we take a value for the initial water volume fraction V f less or equal to 10 -3 (a value of V f higher or equal to 10 -2 would correspond to more than 10 kg of liquid water for 1 kg of ambient gases).
In figure As far as hydrogen is concerned, the visualization of the flame is obtained via the classical Schlieren apparatus. It consists of 2 concave spherical mirrors (80 mm diameter and 1 m focal length), the source light is a continuous argon ion laser, the laser beam is focused via 2 lenses (diam. 75 mm and 20 mm with 150 mm and 22 mm focal lengths respectively). A numerical high speed camera (FASTCAM APX) with an acquisition frequency up to 120 000 images per second was used to register the schlieren images of the expanding flame. The images are processed (Visilog 5.2 image processing) in order to derive the radius of the flame in function of time.
Spray system
The spherical bomb is equipped with different nozzles in order to inject a spray of water inside the bomb prior to ignition or during the flame propagation. To do so, two different nozzles were used and characterized. The first one is a mono-fluid nozzle (SS-LNND-0.60 from Spraying Systems), the water was fed to the nozzle at different initial pressures (between 7 and 50 bars). The size distribution according to the water pressure was measured using a real-time measurements sizer based on the laser light diffraction. As it is shown in figure 7 , the size distribution is shifted towards lower value as the pressure of water is increased. The Sauter diameter decreases from 60 µm at 5 bars to 33 µm at 50 bars. Figure 7 . Spray size distribution according to the water pressure using a mono-fluid nozzle.
The second type of nozzle that was characterized is a bi-fluid from Spraying Systems (LNND-SU1A 1650). In this case water was entrained using compressed air at different pressures. The sprays obtained in this configuration were characterized using the same sizer. The main results are summarized in figure 8 . As it can be seen from figure 8, in the case of a bi-fluid nozzle, the effect of the pressure is limited on the size distribution. The mean Sauter diameter decreases from 11.5 µm down to 6 µm as the pressure is raised from 1.5 up to 5 bars.
Concluding remarks
The Lumped Parameter analysis simply gives us the final pressure and temperature in case of an accidental hydrogen-air flame under water spray conditions. It has shown that liquid water generates heat sink as expected. It has also highlighted that the steam due to water vaporization becomes important as the amount of initial hydrogen attains a certain value (between 8 mol% and 12 mol% with our data) so that the final pressures are higher than the AICC pressure. This work is currently being completed by a full CFD modeling taking into account the reaction rate and a polydisperse spray in order to obtain the evolutions of pressure and temperature between the initial state and the final one. The first part of the experimental study was devoted to characterize the spray in terms of size distribution before coupling the combustion with the spray.
